INTRODUCTION
To overcome the iron limitation in natural environments, many bacteria and fungi produce complex systems to solubilize and transport iron into the cell. One of the most common strategies carried out by microorganisms is the production of specific Fe 3+ chelators called siderophores. These compounds are excreted by the cell and act as solubilizing agents for iron from organic compounds or minerals. Transport of iron-siderophore complex into Gram-negative bacteria requires outer membrane proteins which serve as receptors recognizing the iron-siderophore complexes. The ability to produce siderophores seems to be advantageous for microorganisms in iron uptake, and may contribute to their proliferation in aerobic environments.
The pseudomonads constitute a large and heterogeneous group of aerobic, Gram-negative bacteria which are common inhabitants of most natural environments. In addition, pseudomonads are of interest in agriculture and as human pathogens. Different types of siderophores have been re-270 ported in Pseudomonadaceae. Pseudomonas fluorescens, P. aeruginosa and P. putida produce the fluorescent siderophores pyoverdin and pseudobactin, phenolate-hydroxamates stucturally related [1] . Pyochelin, a phenolic compound, has been found in P. aeruginosa and P. cepacia [2, 3] . Deferrioxamine E is produced by P. stutzeri [4] , and cepabactin, which occupies a median position between the two main chemical types of siderophores (hydroxamates and phenolate-catechofates), is produced by P. cepacia and P. alcaligenes [5] . The production of aerobactin, a siderophore produced by members of the family Enterobacteriaceae, by a halophilic pseudomonad has also been reported [6] .
In a previous study we characterized a number of pseudomonads isolated from Albufera Lake, a hypereutrophic lagoon which has been an eel reservoir for centuries, and from an eel hatchery located near the lake, which shares with it the same aquifer [7] . The Pseudomonas group was found predominantly in both environments [8, 9] . In this work 46 environmental strains, together with six type strains, were examined for the presence of siderophore-mediated iron-uptake systems.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Bacterial strains used in this study are listed in Table 1 . The environmental isolates were phenotypically characterized in a previous work [7] . Salmonella typhimurium enb-1 and enb-7 mutants, deficient in enterobactin biosynthesis were used for phenolate-catecholate detection in bioassays, using S. typhimurium LT2 as a positive control. Arthrobacter flavescens JG-9, a hydroxamate auxotroph, was used for hydroxamate detection in bioassays. Escherichia coli LG1522, a mutant deficient in aerobactin synthesis, was used as indicator strain for aerobactin production, with E. coli LG1315 as positive control [10] . All strains were routinely grown in CM9 medium [10] with rotatory shaking (200 rpm). Strains were stored at -20°C in L-broth containing 20% (w/v) of glycerol.
Iron-limiting conditions were routinely obtained by supplementing the CM9 medium with ethylene-diamine-di-(o-hydroxyphenyl acetic acid) (EDDHA) as iron chelator. Minimum inhibitory concentrations (MICs) of EDDHA were determined in CM9 medium as previously described [10] and strains were grown in CM9 supplemented with 1/5 of the corresponding MIC of EDDHA for biological and chemical tests.
Siderophore detection
Production of siderophores was investigated according to the universal assay of Schwyn and Neilands [11] , using solid medium. Siderophore determination on Chrome azurol S (CAS) agar plates, was performed as previously described [10; Phenolates were detected in supernatant fluids by the colorimetric test of Arnow [12] , and the presence of hydroxamic acids was determined by a modification of the method of Cs~ky [13] . The absorbance values at 550 and 520 nm, respectively, were recorded.
Bioassays
Biological activity of siderophores was determined by cross-feeding assays. Two types of bioassays were performed: (1) each indicator strain was included into CM9 plates supplemented with EDDHA, and test strains were seeded on the top of the agar; a halo of growth of the included strain around the colonies on the surface was recorded as positive; and (2) 100 /zl of cell-free supernatants of S. typhimurium LT2 grown in CM9 were added to deferred CM9 broth inoculated with indicator strain. Growth enhancement by turbidity was scored as a positive result.
The following strains were inoculated into soft media: (i) Salmonella typhimurium enb-1 and enb-7, and E. coli LG1522 in CM9 agar supplemented with 200 /~M EDDHA [10] ; (ii) Arthrobacter flavescens JG-9 in LB agar supplemented with 5 tzg/ml Desferal [14] . The paper strips corresponding to iron-reactive spots on chromatograms or siderophore-producing strains were placed on the plate surface.
For determination of utilization of siderophores among the isolates, the method described by Trick [15] was used. The siderophore-producing isolates were grown in low-iron medium for five transfers and sterile-discs containing 5/xl of cell-free supernatant, and were placed onto ED-DHA-containing plates that had been previously seeded with the test species.
Absorbance spectra and paper chromatography
In order to monitor the siderophore production, cell-free supernatants of cultures growing on CM9 supplemented with EDDHA were sampled at 24, 48, 72 and 96 h, and the cell-free supernatants were scanned between 200 and 500 nm in a DU-I spectrophotometer (Beckman Instruments, Fullerton, CA). After that, the supernatants with the highest absorbance peaks were chromatographed through No. 1 (3MM) filter paper (Whatman) with solution 1 for catechol-type compounds: 5% ammonium formate plus 0.5% formic acid, and solution 2 for hydroxamate-like siderophores: butanol-acetic acid-water (60: 15: 25, v/v/v) [16] . Chromatograms were done in duplicate. Fluorescent spots were visualized by UV and marked in both papers. After that, one of the chromatograms was revealed by spraying with 0.4% FeCl 3 • 6HzO in 20 mM HC1 to determine the presence of iron-binding compounds, and strips from the non-sprayed paper, corresponding to the revealed spots, were used in bioassays to investigate their biological activity.
Analysis of iron regulated outer membrane protein (IROMP)
Cells were grown in both CM9 plus 10 /xM FeC13, and in CM9 supplemented with EDDHA in a concentration of 1/5 of the corresponding MIC for each strain. Total membrane proteins were prepared as previously described [10] . Outer membrane fractions were obtained according to the method of Filip et al. [17] . Total and outer membrane proteins were examined in sodium dodecyl sulphate-polyacrylamide gels prepared as described by Laemmli [18] . Electrophoresis was carried out at a constant current of 15 mA through the stacking gel and 20 mA through the separating gel. Densitometry of stained gels (Coomassie 271 brilliant blue R-250) was performed using a Laser Ultroscan 2202 Densitometer (LKB). To evaluate the molecular masses of protein bands, a robust modified hyperbola model [19] adjusted to the PAR program of BMDP was used [20] .
RESULTS AND DISCUSSION
In order to determine the ability of pseudomonads to grow in iron-restrictive conditions, the strains were grown in the low-iron medium CM9 supplemented with EDDHA. All strains were able to grow in the presence of 10 /xm EDDHA, which is considered enough to induce iron-deficient conditions [21] , and even at higher concentrations with MICs of EDDHA ranging between 0.02 and 10 mM ( Table 1 ). The synthesis of iron-chelating compounds was revealed by the production of orange halos in CAS agar [11] . All pseudomonads studied produced some kind of iron-chelating compounds since they gave orange halos in CAS agar assay. The detection of siderophores was complemented with the tests for specific chemical functionalities, such as catechol and hydroxamate, by the Arnow and Cs~ky tests, respectively. The assays for these compounds showed, in general, stronger positive results in the hydroxamate assays than in the phenolate assays, hydroxamates being more frequently produced than phenolates (Table 1) . Moreover, most strains produced hydroxamates and phenolates simultaneously. Simultaneous production of phenolate and hydroxamate siderophores has been reported mainly in Enterobacteriaceae [10] and also in Vibrio cholerae non-O1 [16] and V. vulnificus [22] , and this fact has been related to an increase in pathogenicity in enterobacteria [23] .
Since the Arnow and Cshky tests indicated that the bacteria studied produced phenolates and hydroxamates, cell-free supernatants of 22 selected strains (including reference strains) grown in EDDHA-supplemented CM9 were scanned, and the major absorbance peaks were recorded. All species absorbed in the UV range and some of them also absorbed in the visible range. Spectra of supernatant fluids of all strains 272 showed an absorbance peak between 230-240 nm in common. In our Pseudomonas putida and P. fluorescens strains we could observe, in general, the same major absorbance peaks as the ones detected by Marugg et al. [24] in P. putida WCS358, which corresponded to pyoverdin. They also showed a peak around 400 nm, which is consistent with this type of siderophore [25] . Interestingly, 28% of P. putida strains were also able to stimulate growth of S. typhimurium enb-1 mutant which suggests the production of enterobactin-like siderophores. Simultaneously aliquots of cell-free supernatants were analysed by paper chromatography. Chromatograms were illuminated with UV to search for fluorescent compounds, and then revealed by spraying with FeC13. In solvent system 1, a high motility (Rf 0.9-1) fluorescent spot was detected in all strains. After spraying with FeC13, it was confirmed as iron-reactive. The solvent system 2, used for hydroxamates detection, separated two iron-reactive spots, one of higher Rf (0.4), and another with Rf 0.1. All fluorescent strains showed both spots except for P. aeruginosa ATCC 10154 that showed only the spot with lower Rf. The non-fluorescent isolates showed in general the same spots except P. pseudoalcaligenes strains 6 and 33, in which appeared only the Table 3 Cross-utilization of the siderophores produced by pseudomonads
Producing strain
Indicator strain highest Rf spot, and strain 2 that showed the lower one. The addition of FeC13 revealed the spots as iron-reactive.
In order to determine the type of siderophore produced, we used cross-feeding assays using strains deficient in the biosynthesis of enterobactin, aerobactin and hydroxamic acids. A halo of growth by the auxotroph, developed around the streaked colony or chromatogram strip was recorded as positive after 24-48 h of incubation at 25°C. As can be observed in Table 2 all strains, except P. aeruginosa strains, were able to stimulate the growth of A. flaL, escens JG-9 and S. typhimurium enb-7, and some strains also promoted the growth of enb-1 mutant, but none stimulated E. coil LG1522. Stimulation of growth of S. typhimurium enb-7 can be achieved by catechols, either enterobactin or 2,3 DHBA, but also responds to some hydroxamate siderophores [26] . However, stimulation of enb-1 requires enterobactin [27] . Bioassays gave the same results either by seeding the test strains on the surface of iron-deficient media, or by placing positive chromatography dye paper strips. The spot appeared in the solvent system 1, was responsible for growth stimulation of S. typhimurium enb-7 mutant, while the spot with high Rf appeared in solvent system 2 and stimulated growth of A. flavescens JG-9.
Although chemical assays and absorbance spectra of Pseudomonas aeruginosa strains indicate the presence of pyochelin-like and pyoverdin-like siderophores, they were not able to stimulate the growth of either S. typhimurium enb-7 mutant or A. fla~,escens JG-9 ( Table 2 ).
The biological activity of the siderophores produced by the isolates was tested by means of cross-feeding assays (Table 3 ). All strains were able to stimulate the growth of the homologous iron-starved strains and also to stimulate the growth of other strains belonging to different species. In general, fluorescent strains produced siderophores which satisfied the iron requirement of most strains. In order to confirm the production of enterobactin by the strains that stimulate the growth of Salmonella typhimurium enb-1, these strains were inoculated in duplicate in tubes of CM9 with a concentration slightly higher than their MIC of EDDHA. To one of the tubes was added cell-free supernatants of S. typhimurium LT2, which produces enterobactin. In all cases the growth was stimulated, confirming the utilization of enterobactin by these strains.
Total and outer membrane proteins from the selected strains grown in iron-deficient and iron- In conclusion, all pseudomonads isolated from the lake or eel-hatchery exhibited siderophore production as can be assessed by the chemical and biological assays used. The diversity on the type of siderophores produced could correspond to a diversity of IROMPs, which suggests a correspondence between a specific siderophore and a specific receptor. The goal of this work was to demonstrate the production and utilization of enterobactin-like siderophores by environmental isolates of P. putida, P. pseudoalcaligenes, P. stutzeri and A. delafieldii.
